Abstract Phylogeographic studies of tropical and subtropical tree species provide an ideal method to study the role of forest refugia in the structuring of genetic diversity in contemporary populations. To date, most studies have examined rainforestdependent trees, yet the influence of forest refugia on savannah forest and woodland trees remains poorly understood despite their potentially important role in forest assemblages during the last glacial maximum. Here, we examine the level and structuring of genetic diversity across the geographic range of the savannah woodland tree, Khaya senegalensisAfrican mahogany, from Senegal to Uganda (>5000 km) and from the steppes of the Sahara desert to the fringes of Africa's equatorial rainforests (700 km). Three chloroplast (cpDNA) loci and 13 nuclear microsatellite (nSSR) loci were genotyped in 503 individuals. Individual-based clustering of nSSR genotypes identified that all samples formed two populations that showed no pattern of geographic structuring. Population level analysis of nSSR data revealed only very weak genetic structure (F ST =0.013) with most of the genetic diversity contained within populations. Geographical differentiation (G ST =0.096) was low for the 14 haplotypes identified. However, whereas all haplotypes occurred in the western populations (including Cameroon), only two cosmopolitan haplotypes were found in central-eastern populations. Geographically restricted lowfrequency haplotypes were found in eight western populations. Higher genetic diversity in western populations was confirmed by patterns of allelic richness, which were lower in central-eastern populations. Taken together, these results indicate that K. senegalensis displays very little genetic differentiation across its geographic range and that previously identified barriers to dispersal across the northern savannah belt of tropical Africa (e.g. the Dahomey Gap, Mega Lake Chad and 
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Introduction
The glacial (cool-dry) and interglacial (warm-moist) phases of the Pleistocene have played a significant role in shaping the level and distribution of genetic diversity within a broad range of tree species (Hewitt 2000; Petit et al. 2003; Hamrick 2004; Alvarez et al. 2009 ). The glacial phases, the most recent of which occurred between 26,500 and 19,000 year BP (Petit et al. 2003; Clark et al. 2009 ), were associated with glacial maxima in the northern hemisphere and an expansion of deserts at lower latitudes (Nichol 1999; Dupont et al. 2000) . Large-scale phylogeographic studies, particularly of European trees (Dumolin-Lapegue et al. 1997; Taberlet and Cheddadi 2002; Petit et al. 2002 Petit et al. , 2003 , have also identified the importance of glacial refugia, areas where species have survived through the glacial maxima and which today harbour high levels of genetic diversity and differentiated genetic clusters. Refugial regions and postglacial colonization pathways have now also been identified for a range of tropical tree species, including in the Latin American (Gillies et al. 1997; Dayanandan et al. 1999; White et al. 1999; Bekessy et al. 2002; Novick et al. 2003; Lowe et al. 2003; Muller et al. 2009; Dick 2010; Cavers et al. 2013) and African tropics (Lowe et al. 2000 (Lowe et al. , 2010 Fontaine et al. 2004; Duminil et al. 2010; Daïnou et al. 2010; Kadu et al. 2011; Born et al. 2011; Hardy et al. 2013) . However, most studies to date have focussed on forest-dependent species, and only a few have focused on tropical savannah trees (e.g. Adansonia digitata, Tsy et al. 2009; Vitellaria paradoxa, Allal et al. 2011 ; Acacia senegal, Odee et al. 2012) , despite their potential importance as components of forest ecosystems of the glacial maximum (Hardy et al. 2013) . It is a member of this poorly studied group of wide-spread African savannah trees, African mahogany, which is the focus of this study.
Across the northern savannah belt of tropical Africa (Sahelo-Sudano-Guinean bioclimatic region), it has been suggested that there are potentially significant climatic and geological barriers to gene flow, for both plants and animals. These barriers include the East African Rift valley, Mega Lake Chad, the Dahomey Gap and the Adamawa Highlands (Martin 1991; Jenik 1994; Kebede et al. 2007; Ruiz et al. 2010 ). In the baobab (A. digitata), genetic differentiation between West and East Africa has been attributed to the isolation of populations on either side of Mega Lake Chad (Tsy et al. 2009 ), which was formed by flooding of the Chad basin during the Quaternary period (Wickens and Lowe 2008) , and still acts as a potential barrier to gene dispersal today. Genetic differentiation has also been reported among West and East African populations of V. paradoxa across the northern savannah belt of tropical Africa; perhaps best explained by repeated expansions and contractions associated with past climatic change, including the formation of the arid Dahomey Gap (Allal et al. 2011) . More recently, the importance of life history characteristics, particularly dispersal vectors (e.g. pollen and seed dispersers), in contributing to patterns of differentiation among populations (Born et al. 2008; Neethling et al. 2008; Als et al. 2011 ) has become increasingly apparent (Ahmed et al. 2009; Jones et al. 2005; Ottewell et al. 2012) .
During the last glacial maximum (LGM), it is estimated that Africa's equatorial rainforests were reduced in extent by as much as 84 % (Anhuf et al. 2006 ) and that their distribution was restricted to forest refugia located to the south and southwest of the Guinean and Cameroon mountains, in patches along the Gulf of Guinea, and within a savannah/rainforest mosaic within the eastern Democratic Republic of the Congo and the Congo River basin (Fig. 3; Richards 1973; Maley 1987; Maley 1991; Dupont et al. 2000; Parmentier et al. 2007 ). In western Africa, the impact of the arid phases of the Pleistocene were further compounded by the latitudinal position of the northern coastline of the Gulf of Guinea, which resulted in extensive fragmentation of forest populations (Maley 1996; Dupont et al. 2000) . A similar scenario occurred in Europe where the Mediterranean Sea provided a major barrier to species southward dispersal (Petit et al. 2003) . The Dahomey Gap, a major bioclimatic zone of savannah woodland in this region, currently around 250 km wide, and extends to the coastline of the Gulf of Guinea, dividing the Guinean and Congolian rainforests (Fig. 3) , has been identified as a major impediment to the dispersal of rainforest species in this region (Martin 1991; Jenik 1994) . During the warm/wet interglacial period, the expansion of rainforest potentially closed this gap providing some opportunities for gene flow between these two rainforest bodies, while during the LGM, this gap is suggested to have dramatically widened (over 1000 km, Fig. 3, Maley 1987) . In Central-East Africa, the outcome of desert expansion may have been less severe than in western Africa because of the latitudinal depth of the forest body (Maley 1991; Dupont et al. 2001) , although it is likely that the Congolian rainforest was fragmented across the Congo Basin during this period (Maley 1991) . Woodland savannah, while reduced in size, is believed to have remained intact (Dupont et al. 2001 ). The population genetic consequence of glacial refugia has two fundamental principles: first, populations isolated by geography and climatic events genetically diverge through drift and mutation, and second, populations that maintain unimpeded gene flow will not display significant differences over time (Avise 1994; Hewitt 2000) .
The main aim of this study was to examine the potential influence of glacial climate dynamics and particularly forest refugia on the level and distribution of genetic variation within African savannah trees. For this phylogeographic study, we selected Khaya senegalensis-a widely distributed, large tree of the northern tropical African savannah belt (SaheloSudano-Guinean bioclimatic region). The natural habitat of this species covers a broad range of environmental, climatic and edaphic conditions that stretches between the coastal plains of Senegal to the White Nile valley in South Sudan and Uganda (>5000 km, see Fig. 4 .2-1). To the north of its range, K. senegalensis occurs along the steppes of the Sahara (>15°N) and as far south as the fringes of the equatorial rainforests. Consequently, this eurytopic species spans multiple environmental gradients including rainfall (400-1750 mm/y), altitude (0-1800 m asl) and soil types (lateritic to basaltic soils) (Kennedy 1936; Smith 1949; Orwa et al. 2009 ). This region also encompasses a number of recognized geological barriers (e.g. the Dahomey Gap and the Adamawa Highlands; Martin 1991; Jenik 1994; Fontaine et al. 2004; Allal et al. 2011 ), making K. senegalensis an ideal species to investigate the influence that historical climate dynamics, geography and life-history traits have played in the structuring of genetic variation across the northern savannah belt of tropical Africa. This study provides further detail to that given by Karan et al. (2011) on the genetic variability of K. senegalensis across this region in that our study utilizes a greater number of populations and samples, specifically from western Africa, to identify patterns of genetic variation in this species.
Materials and methods

Study species
K. senegalensis (Desr.) A. Juss is a member of the Meliaceae family, in the subfamily Cedreloideae and within the tribe Swietenieae (Muellner et al. 2010 ). The genus is comprised of five species; all of which are endemic to the African continent and surrounding islands. The species is monoecious, having separate male and female flowers on the same inflorescence (Styles and Vosa 1971) . The flowering period generally extends from December to April (dry season); flowers are sweetly scented and are pollinated by bees, moths and beetles (FAO 1986; Jøker and Gaméné 2003; personal observation) . Thirty to sixty seeds are produced in a four-valve woody capsule (spherical 4-8 cm) that matures during the following dry season (November-April). Seeds have a flat elliptical shape (approximately 3 cm×2 cm), are lightweight (0.1-0.3 g) and winged around the entire margin (FAO 1986; Nikiema and Pasternak 2008) , and are generally released during the dry season when the northeasterly trade winds are active. The majority of seeds fall in close proximity to the canopy, but can disperse more than 100 m. Generally, it is recognized as a riparian tree species, especially within the drier northern limits of its range (Orwa et al. 2009) , and the river systems also provide a vector for seed dispersal.
Mature trees of K. senegalensis are tolerant of drought, fire and seasonal inundation (Orwa et al. 2009 ). Under optimal conditions, trees can reach heights of over 50 m but generally grow to a height of between 20 and 30 m (unpublished data). Despite the variation in soil and climatic types found across the northern savannah belt, K. senegalensis is always one of the dominant tree species found on this landscape. Population densities vary greatly (50 m to more than 10 km between trees) for this species and may be dependent on local factors surrounding the use of natural resources. As with many other tree species of the highly prized mahogany family, K. senegalensis is classified as vulnerable on the IUCN's Red List, although it is recognized that this classification requires updating (IUCN 2015; Sinsin et al. 2002) .
Source of genetic material
We examined a total of 503 individuals originating from 17 tropical African countries (See Fig. 1 and Table S1A and S1B for further information on sample locations). The majority of the West African material was collected in 2007-2010 from naturally occurring trees which ranged from a minimum of 100 m to tens of kilometres apart. The separation between the trees sampled was determined by species density on the landscape, accessibility and whether or not herdsmen had lopped trees to collect foliage to feed livestock. Every attempt was made to identify and collect solely from the target species. Samples of other Khaya species were later genotyped and showed very different allelic profiles to that of K. senegalensis. These samples were discarded and not included in this study. Because of the difficulties associated with seed collection in conflict zones, the bulk of the samples from Central-East Africa was obtained from material originating out of K. senegalensis provenance trials that had been established in Northern Australia during the late 1960s and early 1970s by Australia's Commonwealth Scientific and Industrial Research Organization (Nikles 2006) . Despite the comparatively small sample size obtained from central-eastern populations, Pons and Petit (1995) suggest that because of the low level of within population variability observed in many phylogeographic studies using cpDNA markers, it may be reasonable to consider smaller sample sizes (minimum n=3) within populations, in favour of a greater number of populations.
DNA extraction and PCR
Genomic DNA was extracted from dried and frozen leaf material (progeny) and from seed husk (maternal) obtained from the previously mentioned germplasm collections, using a modified CTAB extraction method (Gillies et al. 1997) . Thirteen (13) nuclear microsatellite loci were amplified across 503 samples following the protocol described in Sexton et al. (2010) . Approximately 10 % of samples were genotyped twice to estimate genotyping error. Genotyping error per locus was estimated at less than 1.5 %.
Eleven chloroplast DNA markers, described in Taberlet et al. (1991; trnL-F) , Hamilton (1999;  trnH-psbA spacer region) and Shaw et al. (2007; rpl32-trnL, trnQ-5rps16, 3′trnV-ndhC, ndhF-rpl32, psbD-trnT, psbJ-petA, 3′rps16-5′trnK, atpI-atpH, petL-psbE) were initially screened over eight individuals representing a subset of populations across K. senegalensis' range. Three polymorphic markers, rpl32-trnL, 3′trnV-ndhC and 3′rps16-5′trnK (Shaw et al. 2007 ), were sequenced across 92 samples representative of the nuclear dataset. This resulted in a combined 1333-bp sequence: 300-bp fragment of the rpl32-trnL region, a 619-bp fragment of the 3′trnV-ndhC and a 414-bp fragment of the 3′rps16-5′trnK region. All PCR amplifications were carried out in a 25-μl reaction mix that included 20-50 ng of DNA template, 0.75 u of immolase (Bioline), 1× immolase PCR buffer, 3.34 μl MgCl 2 (25 μM), 1 μl dNTPs (5 μM), 0.3 μl of each primer (10 μM) and 14.61 μl of H 2 O. PCR reactions were performed in a DNA Engine Thermal Cycler (Bio-Rad Laboratories, Richmond, California, USA). Fragments were amplified using a 'touchdown' PCR protocol. We started with an initial annealing temperature of 64°C which we decreased by 1°C per cycle until it reached 58°C. It then remained at 58°C for another 26 cycles. PCR products were purified with ExoSAP-IT and sent to Macrogen Sequencing Service (Macrogen, Korea).
Nuclear SSR data analysis
Individual-based clustering analysis of population structure was performed using STRUCTURE 2.3.4 (Pritchard et al. 2000) wit h the l oc pri or and admixture model. STRUCTURE was run for K=1 to K=5 with 10 iterations for each class using a burn-in period of 100,000 repetitions, followed by 1,000,000 repetitions. The correct number of clusters was inferred using the Evanno method in STRUCTURE HARVESTER (Earl and vonHoldt 2012) . A principal coordinate analysis (PCoA) based on Euclidean distance was used to complement the individual-based analyses and to examine patterns of clustering using GenAlEx v. 6.5 (Peakall and Smouse 2012) .
For genetic diversity, fixation index (F ST ) and analysis of molecular variance (AMOVA), 19 sampling sites were used (See Fig. 1 ). Five sampling sites were excluded from AMOVA and F ST analyses using nSSR data, the Ivory Coast, Chad, Central African Republic, Uganda and Sudan, due to small sample sizes. Patterns of linkage disequilibrium and deviations from Hardy-Weinberg equilibrium in the nSSR dataset were calculated in GENEPOP ver. 4.1 (Rousset 2008) . Sequential Bonferroni corrections were used to adjust significance levels for both linkage disequilibrium and HardyWeinberg equilibrium. Micro-Checker ver. 2.2.3 (van Oosterhout et al. 2004 ) was used to examine the potential for null alleles in any loci. Genetic diversity estimates including expected heterozygosity (H e ), observed heterozygosity (H o ), number of alleles per locus (A) and Wright's inbreeding coefficient (F IS ) were calculated using GenAlEx v. 6.5 (Peakall and Smouse 2012) . Patterns of allelic richness for all sampling sites for the nSSR data set using all alleles or private alleles only were conducted using HP-Rare (Kalinowski 2005) . A global F ST value was calculated using GENEPOP ver. 4.1. Pairwise F ST values were computed between the different populations in GENEPOP ver. 4.1 as implemented on the web (Rousset 2008) . AMOVA was undertaken in Arlequin (Schneider et al. 2000) .
Isolation by distance and spatial genetic structure was also examined using the entire dataset. To examine whether an 'isolation by distance' model fitted the observed genetic structure, correlation of genetic and geographic distance matrices using a Mantel test with 9999 permutations was tested. Spatial autocorrelation analysis distance class was set to 50 km, ranging from 0 to 1000 km. P values for each distance class were measured using 999 permutations (Peakall et al. 2003) . These analyses were performed in GenAlEx v. 6.4 (Peakall and Smouse 2006) .
cpDNA data analysis
PERMUT (Pons and Petit 1996) was used to calculate among population genetic differentiation using both G ST and N ST with 1000 permutations. Populations from Ivory Coast and Chad were excluded from these differentiation analyses as they each contained less than three individuals. Analysis of molecular variance (AMOVA) was used to partition the amount of genetic variation distributed within and among regions across the range of K. senegalensis for the chloroplast and nuclear datasets using Arlequin ver 3.5 (Excoffier and Lischer 2010) . Populations were split into two regions Central-East (Chad, Central African Republic, Sudan and Uganda) and West (Senegal, Gambia, Guinea, Ivory Coast, Mali, Burkina Faso, Ghana, Togo, Niger, Nigeria and Cameroon) Africa. AMOVA was also rerun with populations that had four or more samples.
Estimates of total gene diversity (h t ) and mean withinpopulation gene diversity (h s ) were calculated for the chloroplast dataset using PERMUT (Pons and Petit 1996) . Standard diversity indices were calculated for all populations and included the number of haplotypes (N), Nei's haplotype diversity and nucleotide diversity (Nei 1987) . Patterns of allelic richness were calculated for all sampling sites using cpDNA, for all alleles and for private alleles only, using HP-Rare (Kalinowski 2005) . A median-joining network (Bandelt et al. 1999 ) was constructed using polymorphic sites between haplotypes in Network (ver. 4.516, fluxus-engineering.com).
Results
Genetic diversity and differentiation at nSSR markers
No significant linkage disequilibrium was found between any loci combinations, after sequential Bonferroni correction. Significant departures from Hardy-Weinberg equilibrium were found for 27 of the 169 tests (∼16 %). Fourteen of the 27 significant tests were caused by three loci: one, three, and 11. All three of these loci had highly positive F IS values (>0.18) and displayed evidence of heterozygote deficit. The potential presence of null alleles was also identified in these loci, and this was usually related to significant departures from Hardy-Weinberg equilibrium. All subsequent analyses were run with and without these three loci. No significant difference in patterns of genetic diversity and structure were observed by the removal of these loci, but observed genetic differentiation was lower when these loci were excluded (F ST = 0.009; P<0.05). Consequently, all loci were retained for subsequent analyses to maximize the power of the analyses.
Overall, a total of 176 alleles were detected over the 13 loci. The mean number of alleles per locus was 13.5 and ranged from 6 to 28 alleles per locus. Observed and expected heterozygosity estimates exhibited little variation ranging from 0.56 to 0.70 and from 0.66 to 0.72, respectively. The average number of alleles per locus within each sample site varied from 5.9 to 10.2. Genetic diversity estimates for all sample sites, including allelic richness, observed and expected heterozygosity, the number of alleles per locus and Wright's inbreeding coefficient for each of the 13 loci are shown in Table 1 . Estimates of allelic richness indicated genetic diversity for all alleles was similar between the western (1.69) and central-eastern (1.65) populations, but when only private alleles were considered allelic richness was higher in western populations (0.12) in comparison to central-eastern populations (0.09) (Tables S3A-B and S1A-B).
Individual-based Bayesian clustering analysis of nuclear microsatellite markers in STRUCTURE (K=2) identified that all individuals formed two populations that were not genetically structured across the entire range of K. senegalensis (Fig. 2) . The PCoA analysis also showed that individual genotypes did not cluster based on geographic origin but the first two axes only explained a small proportion of the variation in the dataset (9.7 %, Fig. 3 ). Frequency-based estimates of genetic differentiation identified very low but statistically substantial differentiation among the sampled populations (F ST = Fig. 1 and Tables S1A and S1B.
Each bar represents SSR data for each individual sampled. Sample size (n) included for each site 0.013; P<0.05). This result of very weak but substantial genetic differentiation was also observed from a two-level AMOVA. Overall, AMOVA identified that less than 2 % of genetic variation resided among populations, with greater than 98 % of genetic variation contained within populations. No evidence of isolation by distance (P>0.05) was observed across the distribution of K. senegalensis. Positive genetic structure was observed over a spatial scale up to 200 km in spatial autocorrelation analysis (0-50 km, P =0.010; 50-100 km, P=0.010; 100-150 km, P=0.010; 150-200 km, P= 0.040; Fig. 4 ).
cpDNA haplotype diversity and distribution
Analysis of the combined chloroplast dataset (1333 bp) of the 92 K. senegalensis individuals sampled across its range (Fig. 5) , revealed a total of seven sequence polymorphisms defining 14 haplotypes ( The chloroplast dataset showed no significant genetic differentiation across the natural range of K. senegalensis. Low G ST and N ST values of 0.096 and 0.151, respectively were Dots indicate identity to the top sequence found among populations. Overall AMOVA determined that 99.3 % of the genetic variation resided within populations, with 3.1 % of the genetic variation found among regions. A small negative but not significant value of 2.4 % of variation was found among populations within regions. Two cosmopolitan haplotypes were found across the range of K. senegalensis and in 70.7 % of the sampled individuals. While centraleastern populations (Chad to Uganda) were only characterized by the two common haplotypes, western populations (Senegal to Cameroon) showed a total of 12 low-frequency haplotypes, half of which were private to specific populations (Fig. 5 ).
Discussion
Analyses of both nuclear microsatellite and chloroplast markers indicate that K. senegalensis forms two populations that were not geographically structured across its natural range (>5000 km). Western populations displayed a significantly higher level of genetic diversity and private allelic richness than those found in central-eastern populations (Tables 1, 2 , S3B and S4B). Our results contrast with other studies that associate the presence of geological and climatic barriers to genetic differentiation, an order of magnitude higher, across the African savannah (e.g. Fontaine et al. 2004; Tsy et al. 2009; Allal et al. 2011) . In fact, a recent preliminary study of genetic variation in K. senegalensis revealed two distinct clusters corresponding to populations east and west of the Dahomey Gap (Karan et al. 2011) . The detection of two geographically structured clusters, however, may be associated with the different set of markers used or the limited sample size used in the work by Karan et al. (2011; n=73 (western= 49, central-eastern=24) ), in contrast with the much larger sample size (n=503 (western=485, central-eastern=18)) reported here in this study.
Long-distance gene dispersal
Departures from panmixia or very low genetic structuring are often the result of barriers to gene flow (Pavlacky et al. 2009 ) and local adaptation to differing abiotic or biotic stresses associated with each region (Slatkin 1993 ). However, organisms may exhibit low genetic differentiation over large geographic areas if they can efficiently and successfully disperse over long distances or if successful gene flow is possible among populations across their entire distribution range (e.g. migratory birds, Morris-Pocock et al. 2008 or marine fishes, Nielsen et al. 2009 ). Until recently, the idea that long-distance seed or pollen dispersal in plant species (Nathan 2006 ) was sufficient to create panmixia or very low genetic differentiation in widely distributed species was thought unlikely (Ashley 2010) . Over the past decade, however, there has been a growing awareness of the importance of long-distance pollen and seed dispersal on patterns of gene flow in tropical and temperate trees species (e.g. White et al. 2002; Bacles et al. 2006; Ottewell et al. 2012) . For instance, insect-mediated pollen flow in the African desert fig (Ficus sycomorus L. ), aided by nocturnal winds, was reported to occur over distances greater than 160 km (Ahmed et al. 2009 ). While, the seed of the neotropical tree species, Jacaranda copaia, is elevated above the tree canopy and blown distances greater than 300 m (Jones et al. 2005) . These and other studies (Xylocarpus granatum, Tomizawa et al. 2012) have indicated that successful longdistance dispersal of pollen and propagules may be a reason why some plants display lower levels of genetic structuring than might otherwise be expected over large geographic ranges. An efficient mechanism for long-distance dispersal and successful gene flow is likely to be contributing to the lack of genetic structure and the high level of genetic variability found with western and central-eastern populations of K. senegalensis. A potential mechanism for the long-distance dispersal of the pollen and seed of K. senegalensis is the northeasterly trade winds (harmattan), which generally coincides with the flowering and fruiting period of this species (Drees et al. 1993; Lézine and Vergnaud-Grazzini 1993; Orwa et al. 2009 ). These winds can often exceed 60 km/h and are responsible for the long-distance transportation of mineral and organic particles across the natural distribution of K. senegalensis (Kalu 1977; Koren and Kaufman 2004; Hooghiemstra et al. 2006 ; He et al. 2007). The seed of this species are small, flat and winged around its entire margin, which are traits that will improve the efficiency of wind and water dispersal. As in Ahmed et al. (2009) , it is therefore plausible that wind-aided insect pollination may also be jointly responsible of long-distance dispersal of genes in this species. Taken together, these observations indicate that gene dispersal via the harmattan winds may potentially occur over large areas and so contribute to the observed low levels of genetic structure found among populations of this species. Another frequently cited vector for the long-distance dispersal of seed is water (Prentis et al. 2004; Tomizawa et al. 2012) . Tropical Africa contains several large river systems, including the Niger and the Senegal Rivers that traverse this region with and against the trajectory of the harmattan winds. Considering that K. senegalensis is a major riparian species and that its seed is buoyant (unpublished data), it might reasonably be expected that these river systems provide multidirectional movement of seed across this region and therefore provide another mechanism for gene dispersal in this species. Other phylogeographic studies (Tsy et al. 2009; Allal et al. 2011) have indicated a high level of structure in tree species populations across this region. These species (A. digitata, Sacande et al. 2006; V. paradoxa, Jøker 2000) differ from K. senegalensis in that their seed is expelled from the fruit after falling to the ground and is then dispersed by animals. A. digitata and V. paradoxa are known to be intolerant of waterlogging (Orwa et al. 2009) , and therefore, longdistance dispersal via water may not be conducive to plant establishment.
Putative forest refugia
While only a low level of population differentiation was evident across the region, this study did find that central-eastern populations of K. senegalensis displayed lower genetic variability when compared to the western populations (cpDNA, He=0.51 and He=0.78, respectively) as did Karan et al. (2011; nSSR, He=0.55 and He=0.77, respectively) . The presence of rare haplotypes (cpDNA) and greater allelic richness in tree populations has progressively become recognized in phylogeographic studies as indicative of a population's association with putative forest refugia (Petit et al. 2003; Opgenoorth et al. 2010) . Such methods are now being used to identify putative forest refugia in tropical African tree species (e.g. V. paradoxa, Fontaine et al. 2004; Milicia excelsa, Daïnou et al. 2010; Irvingia gabonensis, Lowe et al. 2010; A. senegal, Odee et al. 2012; rainforest taxa, Hardy et al. 2013) .
As a sub-region, the western populations contained all 14 cpDNA haplotypes identified in this study. Although, most populations were dominated by two cosmopolitan haplotypes (hp 5 and 9), they also contained a high level of low-frequency haplotypes (Fig. 2) . A similar pattern of private allelic richness was also found in the nSSR data. Private alleles and haplotypes were recorded in most western populations from Senegal to Cameroon (n=7), while several rare haplotypes were distributed either side of the Dahomey Gap (Senegal to Togo, hp 10; Nigeria to Cameroon, hp 14). Two rare haplotypes (hp 1 and hp 6) observed in Cameroon, and were also identified, in Mali and in neighbouring countries. It is suggested that shared haplotypes may have originated from the larger fringing forests surrounding rainforest and montane refugia, postulated by Maley (1991) to have existed southsouthwest of the Cameroon and Guinean mountains. Our finding suggests that during the LGM, the Dahomey Gap significantly impeded the distribution of seed between east and west populations of K. senegalensis in West Africa. Fontaine et al. (2004) detected similar results in their phylogeographic study of the savannah tree, V. paradoxa.
Given the eurytopic nature of K. senegalensis, it is highly plausible that during the LGM, isolated populations of this species were retained within putative riparian woodland refugia found along the major West African river systems (including the Niger, Senegal, Gambia, Casamance, Volta and Cross Rivers). This scenario may account for the majority of rare and private haplotypes broadly scattered across the western landscape of the northern savannah belt (Fig. 5 ) and the presence of admix areas observed in STRUCTURE (nSSR; Fig. 2 ). Recent phylogeographic studies of savannah woodland species in this region (Bryja et al. 2010; Odee et al. 2012) have hypothesized that woodland refugia may have existed, during the LGM, along sections of the major river systems, separated by semi-desert conditions. A similar scenario was cited in a study of the Tibetan tree species, Juniperus tibetica, where it was suggested to have survived the LGM at high altitude in river gorges in close proximity to contemporary populations (Opgenoorth et al. 2010) . The presence of rare and private haplotypes and admix areas (nSSR data) in contemporary populations of K. senegalensis provides some evidence of the means by which this species survived the impact of the LGM across West Africa. These findings may support Nichol's (1999) assertion that this region of the northern savannah belt was severely fragment by desert expansion during the LGM.
The lower level of genetic variability in central-eastern populations may be indicative of two reoccurring themes. Firstly, during the cold/dry phases of the late Pleistocene (Maley 1987 (Maley , 1991 , Central-East African woodlands may have been confined within a broad geographic region situated between the putative Cameroonian and Eastern montane refugia (1500-2000 km) and that connectivity within this population may have maintained unimpeded gene flow. Other savannah species have also been suggested to have been isolated within this region because of barriers associated with the Cameroon-Chad region (Tsy et al. 2009; Allal et al. 2011 ).
Secondly, rare haplotypes may have been lost through the recolonization and invasion of territories relinquished to rainforest and desert during past glacial maximums, and again, during the interglacial period (Maley 1996; Nichol 1999) . Such a scenario could have created repeated genetic bottlenecks, thus maintaining a lower level of genetic variability within this population (Hewitt 2004; Hampe and Petit 2005; Diekmann and Serrão 2012) . Similar patterns of homogenization have been documented in other tree species in the context of gene flow (e.g. Pinus leiophylla, Rodríguez-Banderas et al. 2009 ) and recent expansion (e.g. Potentilla fruticosa, Shimono et al. 2010) .
With its array of rare and cosmopolitan haplotypes, Cameroon presents itself as a pivotal sub-regional contact zone between the western and the central-eastern populations of K. senegalensis. This sub-region has been recognized as containing several possible barriers to gene flow for savannah tree species during past glacial events (e.g. A. digitata, Tsy et al. 2009; V. paradoxa, Allal et al. 2011) , including megaLake Chad and the Adamawa mountains. The rare haplotypes found in Cameroon may have originated from the fringing forests of the putative rainforest refugia postulated by Maley (1991) to have existed in southwest Cameroon and southeast Nigeria and in riverine forest refugia suggested by Dupont et al. (2000) . The existence of these putative forest refugia, which would now reside within the contemporary Congolian rainforest body, has been suggested to exist in recent phylogeographic studies (Irvingia gabonensis, Lowe et al. 2010 ; Erythrophleum spp., Debout et al. 2010 ; Distemonthus benthamianus, Duminil et al. 2010) . It is hypothesized that the putative rainforest refugia mentioned above, and as an extension, the Adamawa mountains, have acted as a significant north-south ecological barrier to seed dispersal between the western and central-eastern populations of K. senegalensis during the cool-dry phase of the LGM.
Alternative hypothesis
An alternate hypothesis for the observed lack of genetic structure observed in this study is the contemporary movement of this species associated with amenity plantings or the ancient movement of seeds by nomadic peoples and traders. For example, it has been suggested that human-mediated gene flow has impacted the genetic composition of another economically important tree species, V. paradoxa, which occurs across this same bioregion (Fontaine et al. 2004) . K. senegalensis is also recognized as an economically important amenity species and plays a prominent role in many communities across the northern savannah belt as a medicinal plant, cattle fodder and veterinary medicine, shade tree and timber species (Gaoue and Ticktin 2008) . As such, historical and contemporary movement of this species may have contributed to gene flow across its range, a pattern found in other medicinal plant species ). However, a lack of observed genetic structure associated with contemporary movement of K. senegalensis between provenances would seem unlikely as the sampling strategy employed in our study made every attempt to avoid sampling trees close to settlements and trees that may have been recently planted. Furthermore, we found no evidence for large departures from Hardy-Weinberg equilibrium or a Wahlund effect in any sampled regions, which would be expected if recent contemporary mixing of discrete genes pools was responsible for the lack of genetic structure observed in this species. In addition to the previous hypothesis, the natural range of many Khaya species are known to overlap (Styles and White 1991; Orwa et al. 2009 ), and hybridization has been reported on either side of the African continent (Savill and Fox 1967; Synott 1985) , and this may have contributed to the genetic variability we have noted in this species. However, every attempt was made to sample trees of the targeted species using distinguishing morphological characteristics.
Implications for conservation
The life history of K. senegalensis may provide a possible avenue for its long-term conservation. If as suggested by Maley (1987) and Dupont et al. (2000) that putative forest and riverine refugia did exist within the upper and lower reaches of the major river systems during the LGM, then it may be feasible to adopt a strategy that takes into account existing tree populations along waterways and to enrich these riparian areas with the progeny from neighbouring populations. Such a strategy is supported by the findings of this study and may allow for evolutionary processes to continue through the free movement of genes along waterways and across landscapes during the severe dry and wet periods associated with the expansion and contraction phases of the Sahara desert. This approach provides a vegetative filter to moderate pollutants entering waterways, assists in stabilizing river banks and provides a vital multipurpose resource (including medicinal and economic) for generations to come. In the past, avenue trees were planted in great numbers within and around town areas to provide shade, medicines and other amenities, although now declining in health and number, these trees are still benefiting communities. The importance of including local communities in conservation strategies has been well documented and should not be overlooked (Dearden et al. 1996) , as communities can aid in the conservation of species or be instrumental in their eradication.
Conclusion
Unlike other widely distributed tree species (Lowe et al. 2000; Fontaine et al. 2004; Tsy et al. 2009 ), this study found that K. senegalensis did not exhibit genetic differentiation across environmental, climatic or edaphic gradients. However, this species displayed a high level of genetic variability (cpDNA and nSSR markers) within western populations where historic and contemporary climatic conditions and the geography of this region have favoured the broad dispersal of genes along the trajectory of major wind and river systems. These findings also suggest that future phylogeographic studies consider West and Central-East Africa as separate bioregions because of the vastly different impacts they may have experienced during past climatic change and also the life history characteristics of target species.
